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MR spectroscopy, magnetization transfer, and diffusion weighted 
MRI, studies have shown that functional changes are correlated 
with structural changes in the MS brain. This was most recently 
demonstrated in a study which investigated a simple motor task 
in patients with relapsing MS (Rocca and Filippi, 2007). The cor-
relations found between measures of functional connectivity and 
structural damage to some of the major brain motor white mat-
ter bundles suggested an adaptive role of functional connectivity 
changes in limiting the clinical consequence of structural damage in 
patients with relapsing remitting MS (Saini et al., 2004; Au Duong 
et al., 2005; Lowe et al., 2008; Rocca et al., 2009).
A working hypothesis for these observations is that neuropatho-
logical changes and/or structural-functional reorganization that 
occur in MS result in altered connectivity patterns in affected neural 
areas. Such alterations in connectivity could result in changes in 
neural activation as assayed by executive function and decision-
making tasks. These alterations may underlie overt behavioral 
dysfunction and/or indicate compensatory mechanisms engaged 
to maintain a normal level of cognitive function. They may provide 
a unique neural signature that could be indicative of disease sever-
ity or disease progression. We hypothesize that these behavioral 
changes should be reflected in altered functional brain connectivity 
in fMRI data from neuropsychological tests of executive function 
such as the Wisconsin Card Sorting task (WCS). The WCS task is 
IntroductIon
During the past decade, functional magnetic resonance imaging 
(fMRI) studies have shown that the human brain is capable of 
reacting to CNS injury in conditions such as multiple sclerosis 
(MS) (Rocca and Filippi, 2006). Several studies over these years 
have applied fMRI in the assessment of patients with MS (Forn 
et al., 2006; Pantano et al., 2006; Forn et al., 2007; Rocca and Filippi, 
2007). Cognitive impairment (CI) is now considered one of the 
clinical markers of MS, and a leading cause of work-related dis-
ability in MS patients (Nocentini et al., 2006; Patti et al., 2009). CI 
is only weakly correlated with the type of MS, disease duration, or 
physical disability (Bagert et al., 2002). However, there is a relatively 
strong correlation between CI and overall lesion burden and brain 
atrophy (Bagert et al., 2002; Nocentini et al., 2006). In general, fMRI 
studies have demonstrated evidence for cortical reorganization in 
patients with MS performing cognitive or movement associated 
tasks, in comparison to controls. The suggestion is that such func-
tional changes might have an adaptive role in reducing the clinical 
effects of widespread tissue damage.
An altered recruitment of regions normally devoted to perform-
ance of a given task and/or the recruitment of additional areas 
that are not typically activated by healthy people for performing 
that task have been described in MS patients, when investigating 
the visual, cognitive, and motor systems. Using conventional MRI, 
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a neuropsychological test of “set-shifting,” the ability to display 
flexibility in the face of changing schedules of reinforcement. To 
test this hypothesis we have developed a modified computational 
procedure to determine measures of connectivity in small, interme-
diate, and large-scale functional networks encompassing the entire 
brain without using regions of interest as seeds, and without mak-
ing any a priori assumptions about particular networks. Previous 
studies have relied on the latter approaches to perform functional 
connectivity analysis in MS patients (Audoin et al., 2006). To our 
knowledge this is the first study to conduct whole brain functional 
network connectivity analysis in MS patients during the perform-
ance of an executive function task.
MaterIals and Methods
subjects
We performed two experiments in this study. Experiment 1 was 
done to validate our approach and method of analysis of fMRI data. 
It was done in 21 normal subjects. These subjects were cognitively 
normal (age – 33.2 ± 2.0 years, 10 males and 11 females), and were 
recruited through the Human Neuroimaging Laboratory (HNL, 
directed by PRM). Experiment 2 was conducted to compare brain 
network and connectivity measures between cognitively impaired 
MS patients (n = 16) and age-matched controls (n = 18). In both 
experiments males and females aged 18 through 60 were eligible to 
participate. They had normal vision or were vision corrected to be 
able to see the computer display clearly with or without eyeglasses. 
Control subjects were cognitively normal. MS patients had mild 
to moderate cognitive dysfunction, defined as having Montreal 
Cognitive Assessment (MOCA) scores of 20–25.
The exclusion criteria for subjects in this study were as follows: (1) 
Claustrophobia, which would make lying in the scanner potentially 
uncomfortable. (2) Inability to tolerate MRI for any other reason. (3) 
Pregnancy. (4) Contraindications to MRI including pacemaker, aneu-
rysm clips, neuro stimulators, cochlear implants, metal in the eyes, 
or other such contraindications. (5) Active medical or neurologic 
disorders for controls, or active medical problems for study patients. 
(6) Inability to carry out the study tasks due to motor impairment. 
(7) MS patients with more than moderate cognitive dysfunction.
The MS patients (age – 39.6 ± 2.6 years, 5 males and 11 females) 
were diagnosed and clinically assessed at the Maxine Mesinger 
Multiple Sclerosis Clinic by one of the authors (George J. Hutton). 
Their clinical details are given in Table 1. The age-matched normal 
control subjects (age – 36 ± 2.2 years, 7 males and 11 females) were 
recruited through the HNL. The study protocol was approved by the 
BCM Institutional Review Board. The subjects were compensated 
by offering $50 for participation in each scanning session.
fMrI scannIng and behavIoral tasks
All of the fMRI scanning and data analysis was carried out in HNL 
at Baylor College of Medicine (BCM). We used a modified func-
tional brain network analysis procedure on fMRI data to obtain 
biometric measures. The aim of the study was to compare these 
measures between MS patients and controls during the performance 
of two cognitive tasks, namely Stroop task and the WCS task. We 
tested the validity and utility of our modified analytical procedure 
on 21 normal control subjects scanned under two different experi-
mental conditions at the outset. The subjects were scanned during 
the r esting state (6 min duration) and during performance of the 
Stroop task (5–6 min duration). In the resting state condition they 
fixated with eyes open on a cross hair target on the computer screen 
through an overhead display mirror, letting their mind wander. In 
the Stroop task the subjects were presented with names of different 
colors on the screen. The color of the font of each name was either 
matched or mismatched with the named color in a pseudo-random 
manner. Subjects were prompted to indicate the color of the font, 
irrespective of the named color, or the named color, irrespective of 
the color of the font, as quickly as possible (Stroop, 1935).
In the experiment involving a comparison between MS patients 
and matched controls, subjects performed a WCS task during the 
fMRI scan. The WCS test (Berg, 1948) provides a measure of the 
ability to identify abstract categories and shift cognitive set (Lezak 
et al., 2004). In the present study the subjects performed this task on 
the computer by looking at the display through a mirror positioned 
above their head. They selected their choice by overlaying a selec-
tor box on the correct choice using a device similar to a computer 
mouse. The computerized version of the WCS task involved a series 
of trials with three types of displays on the computer screen in 
three sequential steps. The screen shots for these displays are shown 
Figure A1 in Appendix. At the bottom of each display screen there 
were four cards. Each card had symbols with identical shapes (stars, 
crosses, triangles, and circles), ranging in number from one through 
four, and all of the same color (red, green, yellow, and blue). At the 
center of the screen there was a query card with a specific pattern 
following one of the three rules, namely based on shape, number, 
or color. The subjects were asked to place their selector box around 
one of the four bottom cards that specified the sorting rule. They 
then received feedback telling them whether they made the cor-
Table 1 | Clinical data on patients.
Patient Age Disease Disease duration EDSS Current 
 (years) type  (years)  DMT
1 28 RRMS 2 1.5 Rebif
2 51 PPMS 3 3.5 Rebif
3 47 RRMS 2 2.0 Copaxone
4 52 RRMS 8 2.0 Tysabri
5 26 RRMS 3 2.0 Tysabri
6 39 RRMS 3 1.5 Rebif
7 55 RRMS 13 2.0 Copaxone
8 35 RRMS 8 2.0 Betaseron
9 37 RRMS 7 1.5 ONWARD trial
10 33 RRMS 7 6.0 Tysabri
11 25 RRMS 7 2.0 Tysabri
12 31 RRMS 11 2.0 Rebif
13 40 RRMS 15 1.5 Tysabri
14 45 RRMS 6 1.0 Axonex
15 45 RRMS 5 1.0 Rebif
16 56 RRMS 13 2.5 Axonex
RRMS, Relapsing Remitting Multiple Sclerosis; PPMS, Primary Progressive 
Multiple Sclerosis; EDSS, Expanded Disability Status Scale; DMT, Disease 
Modifying Therapy; ONWARD, Oral Cladribine Added ON to Interferon beta-1a in 
patients with Active Relapsing Disease. 
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T1-weighted MP Rage sequence was used to acquire structural 
scans. Data were resampled into 4 mm × 4 mm × 4 mm voxels 
and preprocessed with SPM2 (Statistical Parametric Mapping 2, 
Wellcome Department of Cognitive Neurology, London, UK) by 
performing slice timing correction, realignment, spatial normaliza-
tion to Montreal Neurological Institute (MNI) space (International 
Consortium for Brain Mapping 152 atlas), and smoothed using the 
method of Ashburner and Friston (1999).
FunctIonal braIn network analysIs
The modified computational procedure that we have developed 
determines measures of connectivity in small, intermediate, and 
large-scale functional networks encompassing the entire brain, using 
a model-free data-driven approach. By performing voxel-by-voxel 
cross-correlation analysis and hierarchical cluster analysis we have 
been able to parcellate fMRI maps of the whole brain into func-
tional networks of varying sizes (Figure 1), and determine changes 
rect or incorrect choice. Thus, the three sequential display screens 
in each trial were the prompt screen, choice screen, and feedback 
screen. The subjects had to respond at the choice screen for the trial 
to be completed, and the screen to move on to the next trial. Each 
trial series with pseudorandomly varied number of trials followed 
the same sorting rule. The rule remained the same or changed in a 
pseudo-random manner with each new series. Each scanning ses-
sion consisted of multiple series consisting of a total of 60 trials. The 
performance of the subject on the WCS test was scored in terms 
of errors and latencies of response. The total duration of the WCS 
scanning session was 20–30 min.
During the resting state, Stroop task, and WCS task subjects 
were scanned on Siemens 3T Trio machines. Functional imaging 
data was acquired via echo-planar imaging (Kwong, 1995) with 
the following timing parameters: TR = 2000 ms, TE = 25 ms. The 
37 slice protocol (4 mm thickness, hyperangulated to 30°) resulted 
in voxel dimensions of 3.4 mm × 3.4 mm × 4.0 mm. A Siemens 
FIguRE 1 | global brain functional networks. (A) All 215 functional networks 
in the entire brain derived from a 10 min fMRI scan during the performance of 
WCS task in a representative control subject are depicted as a color-coded 
image. The color coding simply demarcates the distinctions between networks; 
i.e., each color represents one type of network. (B) The same data as above, 
except the color coding and color scale represents the strength of the functional 
connectivity (correlation coefficient) between pairs of voxels. (C) The largest 10 
networks are depicted. Color coding is the same as in (A). (D) Histogram 
showing the distribution of connection strengths (correlation coefficients) 
between pairs of voxels within each network. (E) Distribution of connection 
strengths (correlation coefficients) between pairs of voxels across pairs of 
networks. (F) Spatial extents and sizes (number of voxels per network) of 
networks are plotted as frequency histograms. Spatial extent of each network is 
defined as the mean Euclidean distance between locations of pairs of voxels 
within the network. The values of centroids for the bins in the histograms are 
given the text, and in the Figure 2 legend.
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correlation within and between networks (see Figure 1B). We 
also measured the intra-network and inter-network connectiv-
ity strengths, the mean distance between correlated voxels within 
a network, as a measure of its spatial extent, and the size of the 
networks in terms of number of voxels. The latter parameters are 
plotted as frequency histograms with specified number of bins or 
specified values of bin centroids (see Figures 1D–F). Using the 
AAL scheme (Tzourio-Mazoyer et al., 2002); MRIcro software – 
http://www.cabiatl.com/mricro/), and overlaying the 3D network 
images generated by the above procedure onto the AAL template, 
we plotted the percentage of voxels in each anatomical area that 
forms the nodes of each functional network and the cumulative 
sum of percentages in all networks. These plots showed significant 
amount of bilateral symmetry across all subjects. Finally, we plotted 
the strength of the connections (correlation coefficient) between 
pairs of voxels as a function of distance between them, regardless of 
the network to which these voxel pairs belonged. This was done for 
voxels in each hemisphere separately, and also for voxels across the 
two hemispheres. All these quantitative parameters were compared 
between patients and controls to see if the disease process affects 
them in any significant way. All statistical tests were implemented 
in MATLAB (version 7.4.0, Mathworks, Inc., Natick, MA, USA). 
They included one-way analysis of variance (ANOVA) followed by 
Tukey’s least significant difference multiple comparison test and 
Student’s unpaired t-test with Benjamini–Hochberg false discovery 
rate correction, as appropriate.
results
In Experiment 1 we scanned 21 normal subjects in a Siemens 3T 
Trio MRI machine to obtain structural and functional brain MRI 
images during the resting state and during the Stroop task. The 
response times and error rates in these subjects were comparable to 
the values reported in the literature (Franzon and Hugdahl, 1987; 
Mekarski et al., 1996). Figure 2A shows that the number of networks 
is significantly decreased during the performance of the Stroop task 
(Task) compared to the resting state (Rest, p = 0.00000548, n = 21, 
Student’s paired t-test). All subjects show this decrease to varying 
extents, except one. A frequency histogram of the spatial extents 
of networks with 10 bin centroids spaced 16 mm apart shows a 
significant decrease in the number of networks in the two smallest 
bins during Task compared to Rest (Figure 2B). A similar decrease 
is seen in the size of the networks plotted as a frequency histogram 
with 10 voxel bins distributed between centroids of 4, 7, 12, 20, 
34, 56, 95, 162, 278, and 481 voxels (Figure 2C). Statistical com-
parisons were made using one-way ANOVA followed by Tukey’s 
least significant difference multiple comparison test at 0.05 level 
of significance. These results validate the utility of our functional 
network analysis procedure to track global changes in brain func-
tion as a consequence of engaging in a cognitive task.
In Experiment 2, to measure possible pathophysiological 
changes in the above functional brain network parameters dur-
ing a more complex cognitive task in MS we scanned MS patients 
during the performance of the WCS task. Figure 3 indicates that 
measures of performance on this task, namely mean response 
latency and error rate showed no statistically significant difference 
between MS patients (n = 16) and controls (n = 18). A similar lack 
of difference between patients and controls was also seen in the 
in  connectivity parameters such as the total number and sizes of 
functional networks, the connection strengths within and between 
networks, the spatial extent of networks and the brain area composi-
tion of networks. We modified the functional connectivity analysis 
procedures involving voxel-by-voxel time series cross-correlation and 
hierarchical clustering that have been used by others previously, and 
described in the literature (Cordes et al., 2002; Karkar et al., 2009).
The modification from earlier studies using cross-correlation 
analysis and hierarchical clustering consisted of using a more 
stringent cutoff threshold for determining significant correlation 
between voxels (different from both voxel Cordes et al., 2002; Karkar 
et al., 2009) and a computationally simpler distance measure involv-
ing less number of steps (similar to Karkar et al., 2009, but different 
from Cordes et al., 2002). To obtain functional networks from the 
entire brain (unlike in both studies cited above), and for the sake of 
computational efficiency, we used a multi-stage procedure involv-
ing averaging of the highly correlated voxel time series at each stage 
(similar to Karkar et al., 2009), and subsequently cross-correlating 
the averaged time series until the entire brain was covered without 
constraining the clusters obtained to only spatially contiguous vox-
els by artificially setting the distances of non-contiguous voxels to 
infinity, as was done by Karkar et al. (2009). Analyzing functional 
networks and estimating the representation of the connected areas 
of the brain in relation to the automated anatomical labeling (AAL) 
brain template (Tzourio-Mazoyer et al., 2002); MRIcro software – 
http://www.cabiatl.com/mricro/) also represents a new extension 
to the methods from the two earlier studies cited.
We implemented the following computations in MATLAB (ver-
sion 7.4.0, Mathworks, Inc., Natick, MA, USA) for functional net-
work analysis. Time series data were obtained for each thresholded 
brain voxel for a session of 10 min (300 scans) duration for the 
WCS task and 5 min 20 s (160 scans) duration for the resting state/
Stroop task. Data were low-pass filtered at 0.1 Hz with Butterworth 
digital filter (of order 2). Correlation coefficients (r) were obtained 
between filtered time series from all pairs of 500 sequential vox-
els in vectorized 3D image data. The correlation coefficient r was 
converted into a simple distance measure, i.e., 1 − r, to perform 
hierarchical cluster analysis. The partitioning threshold for this 
analysis was set at a distance measure equal to 0.95. Hierarchical 
cluster analysis was then performed using the nearest neighbor 
clustering method (similar to Cordes et al., 2002, but unlike Karkar 
et al., 2009). The number of clusters in pairs of 500 sequential 
voxels was calculated for the entire brain. Next, the time series of 
all voxels in each cluster were averaged, and a hierarchical cluster 
analysis was performed on the averages with the same partitioning 
threshold as above. The second level of clustering allows one to 
reduce the number of clusters of functionally correlated voxels, and 
to group the old clusters under the new reduced number of clusters. 
All non-contiguous voxels and clusters containing <3 contiguous 
voxels were rejected to exclude insignificant chance correlations. 
The correlation coefficients within and between clusters were cal-
culated as measures of connectivity strengths because the clusters 
can be regarded essentially as functional networks of brain areas 
showing correlated activity.
From the above analysis, we were able to plot a 3D representation 
of the functional brain networks using a color-coding scheme desig-
nating distinct networks (Figures 1A,C), or  reflecting the  functional 
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Figures 5A,B show frequency histograms of spatial extents and 
sizes of networks, respectively, plotted in a manner similar to that 
in Figures 2B,C. Both plots showed a significant decrease in the 
smallest two and three network bins, respectively (at 0.05 signifi-
cance level with one-way ANOVA and Tukey’s post hoc test) in MS 
patients (n = 16) compared to controls (n = 18). There was also a 
non-significant increase in the number of networks in the largest 
spatial extent and size bin. These data indicate that the shrinkage 
in the number of networks in MS patients might be due to a coa-
lescence of smallest networks to form larger networks. No compa-
rable statistically significant changes of this nature were seen in MS 
patients during the performance of the less demanding Stroop task 
(Figure A2 in Appendix), suggesting that they are task-dependent 
and may be a function of task difficulty.
correlatIon oF clInIcal data wIth network ParaMeters and 
task PerForMance Measures
The clinical records on our patients show wide variations in 
EDSS scores, disease durations, and ages. Therefore, to find out 
if these quantitative clinical data, namely the EDSS scores, disease 
Stroop task (Figure A1 in Appendix). These results suggest that 
the patients were somehow overcoming their structural deficits 
and functionally compensating to maintain cognitive perform-
ance on the tasks.
FunctIonal braIn network changes
To find out how the changes due to the disease process are reflected 
in functional organization of the brain we performed a functional 
network connectivity analysis on the entire brain in our subjects. 
A bar plot (Figure 4A) of the total number of functionally cor-
related networks showed a significant 32% decrease (p = 0.041, 
df = 32, Student’s unpaired t-test) in MS patients (n = 16) com-
pared to controls (n = 18). As far as the functional connectivity 
between and within networks was concerned, the mean strength of 
the connections (expressed as the correlation coefficient) between 
pairs of voxels belonging to two different networks showed no 
statistically significant difference in patients compared to controls 
(Figure 4B). The mean strength of the connections between pairs 
of voxels belonging to the same network also showed no significant 
change in patients compared to controls (Figure 4C).
FIguRE 2 | Network changes during Stroop task. (A) A plot of the number of 
networks during the resting state (Rest) and during the performance of the 
Stroop task (Task). The bar plots represent means during the two conditions, and 
lines connect the two values in each subject. There is a decrease in the number 
of networks during the Task condition in all subjects except one. Student’s paired 
t-test indicates that the data are statistically significant (p = 0.00000548, n = 21). 
(B) A frequency histogram of the mean distance in mm between pairs of voxels 
(spatial extents) in each network. Data plotted in 10 bins with centroids spaced 
16 mm apart. A significant decrease in number is seen in the two smallest bins 
during Task compared to Rest. (C) A frequency histogram of the size of the 
networks under the two conditions. Data are represented in 10 bins with 
centroids of 4, 7, 12, 20, 34, 56, 95, 162, 278, and 481 voxels. The number of 
networks in the smallest network bin is significantly reduced in the Task 
condition. The error bars in this and all other figures represent standard errors of 
the mean. Statistical significance in (B,C) was determined by one-way ANOVA 
and Tukey’s post hoc multiple comparison test at 0.05 level of significance.
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correlation in these data suggests that the functional changes 
observed may not be related to the clinical course of the disease 
in a simple way.
braIn area coMPosItIon oF networks
We assessed the brain area composition of the functional networks in 
all subjects by determining the percentage of voxels of each area being 
represented as a node in each network. Both the types of brain areas 
represented in each network and the fraction of each area that is part 
of the network show a substantial amount of variability in patients 
as well as controls. However, there is a striking bilateral symmetry in 
each patient and control, in terms of the brain area composition of 
each network and magnitude of representation of each area within 
the networks. This is evident in the average data from all subjects 
in Figure 6. In Figure 6 we have plotted the mean cumulative sum 
of the percentages of each brain area represented in all functional 
networks in patients (n = 15, one outlier disregarded) and in controls 
(n = 17, one outlier disregarded). Despite the variability, we see a 
greater than 10% difference in the following brain areas between 
patients and controls (marked by magenta bars in Figure 6). On the 
left we see a unilateral decrease in representation in MS patients in 
precentral gyrus, supplementary motor area, and paracentral lobule. 
On the same side we see a unilateral increase in representation in the 
cuneus and the angular gyrus. On the right we observe a unilateral 
decrease in the frontal inferior operculum, Rolandic operculum, 
and Heschl’s gyrus. There is a bilateral decrease in representation in 
patients compared to controls in postcentral gyrus, and segments 7b, 
8, and 9 of the cerebellum. Bilateral increases are seen in hippocam-
pus, amygdala, thalamus, calcarine cortex, lingual gyrus, superior and 
middle occipital gyri, middle temporal gyrus, and segment 3 of the 
cerebellum. In the midline the cerebellar vermis shows a decrease in 
segment 7 and an increase in segments 1 through 5.
All these changes, except in calcarine cortex on the right, seg-
ment 8 of the cerebellum on the left and segment 3 of the vermis, 
however, are not significant using one-way ANOVA followed by 
the Tukey’s multiple comparison test.
 durations, and the ages of the patients influenced the values of 
the estimated network parameters, we cross-correlated the former 
data with numbers, sizes and spatial extents of networks. We did 
not see any significant correlations in this analysis, except between 
age and the seventh bin (centroid of 95 voxels) of network sizes, 
and between age and the sixth bin (centroid of 96 mm) of spatial 
extents of networks (see Figures A2C, A3C, and A4C and Table A1 
in Appendix). The implication of these isolated significant values 
is unclear at present.
Similar correlation analysis of clinical data with WCS task 
performance measures, namely response latency and errors 
per session did not show any significant correlations (see 
Figures A2A,B, A3A,B, and A4A,B in Appendix). The lack of 
FIguRE 3 | No difference in response latencies and error rates between 
MS patients and controls. (A) A plot of the mean latency to respond in the 
WCS task showing no statistically significant difference between MS patients 
(n = 16) and controls (n = 18). (B) A plot of the errors in each WCS scanning 
session also shows no statistically significant difference between MS patients 
(n = 16) and controls (n = 18).
FIguRE 4 | Number and connection strengths of networks in multiple 
sclerosis. (A) A bar plot of the total number of functionally correlated 
networks shows a significant decrease in MS patients (n = 16) compared 
to controls (n = 18). (B) A bar plot of the mean strength of the connections 
(expressed as the correlation coefficient) between pairs of voxels belonging 
to two different networks shows no statistically significant difference in 
patients compared to controls. (C) A bar plot of the mean strength of 
the connections between pairs of voxels belonging to the same network 
also shows no statistically significant difference between patients 
and controls.
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respectively. On the right side, there is a significant increase in this 
measure of functional connection strength at 38 mm and 18 con-
secutive intermediate distance locations from 40 through 57 mm in 
patients compared to controls. The mean percent increase at these 
locations is 128.9 ± 48.7%. Statistical significance of these data 
points was ascertained by Benjamini–Hochberg false discovery rate 
correction for multiple comparisons (Benjamini and Hochberg, 
1995). The significant p-values are denoted by magenta asterisks in 
Figure 7A. The increase rather than decrease in connection strength 
suggests that these measurable changes in connectivity might be 
a neuroplastic consequence of the disease process in MS. The fact 
that this increase may also be dependent on task difficulty is evi-
dent from a lack of significant change in MS patients during the 
performance of the less demanding Stroop task (data not shown). 
While similar increase was seen on the left side in the WCS task, 
it was not statistically significant (Figure 7B). No significant dif-
ference was present as far as interhemispheric connections were 
concerned (Figure 7C).
dIscussIon
In the initial validation experiment (Experiment 1) of this study, 
we find that a global functional brain network analysis procedure 
involving voxel-by-voxel cross-correlation and hierarchical cluster 
analysis reflects functional network changes underlying the per-
formance of a cognitive task such as the Stroop task. The changes 
are characterized by a reduction in the total number of networks 
during the task compared to the resting state. This reduction is 
due to elimination of smaller networks, presumably by a process 
of fusion to form larger networks recruited for the purpose of 
performing the cognitive task at hand.
In Experiment 2, when the above analysis is conducted in 
patients with MS with no overt deficit in the performance of WCS 
task we see similar but more pronounced alterations in them com-
pared to matched controls. There is a significant decrease in the 
number of functional brain networks in MS patients compared 
to controls with fewer networks of the smallest sizes and spatial 
extents. In addition, the magnitude of representation of several 
brain areas appears to be differentially increased or decreased, both 
unilaterally on each side and bilaterally. The strength of functional 
ipsilateral connections is also higher in MS patients at sites located 
at intermediate distances within the brain, especially in the right 
hemisphere.
These findings are consistent with previous observations of alter-
ations in the functional connectivity of specific networks. Prior func-
tional connectivity studies have shown that essentially three specific 
brain networks are affected in MS patients. They are the working 
memory (Au Duong et al., 2005), primary sensorimotor (Lowe et al., 
2008; Rocca et al., 2009), and cerebellar (Saini et al., 2004) networks. 
These findings have led to the proposal of the hypothesis that the 
cognitive deficits in early stage MS might be due to disruption of 
large-scale functional cortical networks (Audoin et al., 2006). In the 
working memory network, reduced functional connectivity has been 
detected in a paced auditory serial addition test in patients with early 
stage MS. The connections affected are those between left Brodmann 
Area (BA) 45/46 and left BA 9, right BA 3 and the anterior cingulate 
cortex. Because the connectivity change correlated with magnetiza-
tion transfer ratio of normal white matter and brain T2 lesion load 
connectIon strength as a FunctIon oF dIstance
Since the pathological process in MS involves disconnection of 
pathways due to demyelination, as well as regeneration of new con-
nections, we would expect to see significant changes in the strength 
of the functional connections between distant loci in the brain. 
Indeed, it is likely that the strength might decrease or increase as 
a function of distance. We tested this possibility by measuring the 
correlation coefficients between the time series of pairs of voxels 
in a sample of 2275 voxels dispersed at pseudorandomly chosen 
locations throughout each hemisphere of the brain separately, and 
across both hemispheres. Figures 7A–C show plots of these val-
ues as a function of the Euclidean distance between the brain loci 
in the right hemisphere, left hemisphere, and across hemispheres, 
FIguRE 5 | Spatial extent and size of networks in multiple sclerosis. 
(A) A frequency histogram of the spatial extents of functional networks 
showing a significant increase in the two smallest network bins in patients 
(n = 16) compared to controls (n = 18). (B) Sizes of networks are plotted as 
frequency histograms with 10 bins as in Figure 2C. The MS patients 
(n = 16) show a significant decrease in the three smallest size bins 
compared to controls (n = 18). Statistical comparison of data in this figure 
was done as in Figures 2B,C.
FIguRE 6 | Representation of brain areas in functional brain networks. 
The top graph is a plot of the mean percentage of voxels in each brain area 
(closed circles – left side, and open squares – right side) participating in all 
networks in patients (red, n = 15, one outlier excluded) and controls (blue, 
n = 17, one outlier excluded). The 58 left/right brain areas in the automated 
anatomical template (Tzourio-Mazoyer et al., 2002) (see reference for area 
label legend) from the MRIcro software are depicted on the x axis. The green 
asterisk (left side) and brown asterisks (right side) mark statistically significant 
differences between patients and controls. The magenta line bars at the 
bottom depict areas with mean representations that show greater than 10% 
difference between patients and controls.
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gyrus in the functional deficit is also supported by a sensorimotor 
task-dependent study of Lowe et al. (2002). They observed a reduc-
tion in connectivity between the left and right precentral gyri, and 
a reduced representation of the right precentral gyrus in the motor 
cortical network engaged during a bilateral finger-tapping task in 
MS patients. Altered connectivity in the frontal cortex, especially 
between the left and the right hemispheres has been confirmed by 
others in a separate working memory task, the n-back task (Cader 
it was hypothesized that the deficits are a reflection or consequence 
of diffuse primary white matter lesions (Au Duong et al., 2005). 
BAs 45/46, 9, and 3 referred to above correspond to portions of the 
middle, inferior and superior frontal gyri, pre- and postcentral gyri, 
and supplementary motor area. Remarkably, our data show altered 
representation of bilateral postcentral gyrus, left precentral gyrus, 
left supplementary motor area, right frontal inferior operculum, 
and right Rolandic  operculum. The involvement of the precentral 
FIguRE 7 | Strength of functional connections at different distances. The 
connectivity strengths expressed as correlation coefficients between pairs of 
voxel time series are plotted as a function of distance between the pairs. (A) 
A strength-distance plot of pairs of voxels in the right hemisphere shows 
larger strengths at intermediate-scale distances in patients than in controls 
(dashed green line ellipse). The p-value plot at the bottom shows that 19 of 
these data points (magenta asterisks) are statistically significant as indicated 
by the Benjamini–Hochberg false discovery rate method for multiple 
comparisons. The dashed horizontal line marks the p-value of 0.05. 
(B) A strength-distance plot of data from the left side of the brain shows 
differences similar to those on the right side, but they are not statistically 
significant (see p-value plot at the bottom). (C) The connections between 
pairs of voxels across the two hemisphere do not show a significant 
difference in strength at any distance (see p-value plot at the bottom). (D) A 
diagram showing the connections between voxel pairs in and between the 
two hemispheres.
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changes. This is supported by the fact that we see an enhancement 
in the connection strength between brain loci separated by interme-
diate-scale distances (see Figure 7). Such increases in connectivity 
have been reported in other studies, and in each case the increase 
has been interpreted to suggest a neuroplastic reorganization of 
functional networks to overcome the disruption due to the primary 
white matter lesions and neuronal loss, in order to maintain cogni-
tive function (Audoin et al., 2006; Cader et al., 2006; Rocca et al., 
2009). Compensatory cortical reorganization was considered as a 
possibility because of poor correlation between structural deficits 
and CI (Ranjeva et al., 2005). There is also a lack of correlation 
between the clinical picture and alteration in functional connectiv-
ity (Lowe et al., 2002; Au Duong et al., 2005). Several groups have 
provided independent fMRI evidence for neuroplastic reorganiza-
tion as an adaptive response to widespread tissue damage in MS 
(Staffen et al., 2002; Parry et al., 2003; Mainero et al., 2004; Wishart 
et al., 2004; Pelletier et al., 2009).
We want to caution that our inference that the observed func-
tional changes are compensatory is speculative in nature. To sum-
marize, it is based on the following three considerations:
1. We see an increase in connection strength in MS patients, as 
opposed to a decrease, which would be anticipated if the fun-
ctional change was due to the primary white matter deficits. 
Increased connectivity on the other hand would be seen if 
there was a neuroplastic growth of new fibers and/or a recruit-
ment of pre-existing functionally silent connections.
2. The patients do not show any decrease in performance on the 
cognitive task compared to normal controls. This indicates 
that the former are overcoming their primary structural defi-
cits to maintain the normal brain function, or using alternative 
strategies, necessary to accomplish these tasks.
3. Our observations are consistent with earlier studies offering 
evidence in support of compensatory mechanisms triggered 
to overcome the primary deficits in MS.
Thus the possibility that the changes in connectivity and func-
tional brain networks that we have uncovered in the present study 
are indeed due to compensatory adaptive reorganization of func-
tional cortical networks needs to be investigated and confirmed by 
future research involving other techniques such as diffusion ten-
sor imaging and magnetization transfer imaging. Future studies in 
MS patients should also look at correlations between white matter 
lesions and the observed functional network changes.
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et al., 2006). A structural network analysis based on the measure-
ment of cortical thickness, coupled with a small-world network 
efficiency computation has also corroborated the reduced efficiency 
of connections in the precentral gyri and regions of the prefrontal 
cortex (He et al., 2009). A change in the effective connectivity of the 
supplementary motor areas and primary sensorimotor cortex with 
premotor cortex has been detected by another independent method, 
namely dynamic causal modeling, and the coefficient of this change 
has been correlated with damage to the left corticospinal tract meas-
ured by diffusion tensor tractography (Rocca et al., 2009).
As far as the cerebellar network is concerned, Saini et al. (2004) 
have shown that there is a significant reorganization of functional 
connections between the primary motor cortex and the dentate 
nucleus, as well as crus I of the cerebellum. MS patients showed 
a decrease in connectivity between the left primary motor cortex 
and right dentate nucleus compared to controls. There was also 
significant connectivity between the left motor cortex and crus 
I of the ipsilateral cerebellar cortex in MS patients. No such con-
nectivity was found in the control subjects. Rocca et al. (2009) have 
also observed a reduction in effective connectivity between the left 
sensorimotor cortex and right cerebellum. The present data (see 
Figure 6) show significant alterations in the network representa-
tion of the cerebellum.
The earlier papers using connectivity analysis in MS patients 
used the seed region approach wherein they measured connec-
tivity by correlation analysis of particular seed regions with all 
other regions. These approaches naturally focus on connectivity 
differences with select regions. Our approach analyzes the con-
nectivity between all regions of the brain in an unbiased manner. 
Limitations of cross-correlation analysis and averaging of BOLD 
activity time series are common to the earlier connectivity stud-
ies and ours. One other caveat of our approach is that the actual 
values obtained depend on the cut off threshold value that we have 
selected to parcellate voxels into separate brain networks. As far as 
functional connection strength as a function of distance is con-
cerned, no other earlier study has estimated it in MS patients. The 
limitation of this procedure is that we are using simple Euclidean 
geometric distances between brain loci. The actual length of the 
connections between these loci might be longer, and might vary 
for similar distances depending on the course that the nerve fibers 
take in each case.
The network alterations observed in this study might reflect 
changes due to primary white matter lesions. Prior studies have 
found correlation between the degree of white matter deficit as 
measured by magnetization transfer ratio imaging or cortical thick-
ness measurements and the amount of alteration in functional or 
structural connectivity (Au Duong et al., 2005; He et al., 2009). 
Alternatively, our data might point to compensatory neuroplastic 
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aPPendIX
Screen 3 - Feedback
Screen 2 - ChoiceScreen 1 - Prompt
FIguRE A1 | Wisconsin card sorting task. Screen shots showing the three stages of the WCS task on a computer, namely the prompt, subject choice by moving a 
selector box on the right option on the screen, and feedback indicating right or wrong choice.
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FIguRE A2 | No significant correlation between EDSS and performance measures as well as a network parameter. Plots of response latency and the number 
of errors per session in the WCS task, and number of networks, as a function of the EDSS score. The line represents a linear fit by the least-squares method.
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FIguRE A3 | No significant correlation between disease duration and performance measures as well as a network parameter. Plots of response latency and 
the number of errors per session in the WCS task, and number of networks, as a function of disease duration. The line represents a linear fit by the least-squares 
method.
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FIguRE A4 | No significant correlation between age of the patients and performance measures as well as a network parameter. Plots of response latency 
and the number of errors per session in the WCS task, and number of networks, as a function of the age of the MS patients. The line represents a linear fit by the 
least-squares method. 
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Table A1 | Correlation of clinical data with network parameters.
EDSS
Network size bins (voxels) 4 7 12 20 34 56 95 162 278 481
 r −0.29 −0.26 −0.27 −0.2 −0.26 −0.22 0.13 −0.24 −0.08 −0.1
 p 0.282 0.338 0.316 0.457 0.34 0.422 0.632 0.371 0.78 0.707
Network spatial extent bins (mm) 16 32 48 64 80 96 112 128 144 160
 r 0.404 0.33 0.187 0.427 0.438 0.676 0.254 0.066 0.508 0.51
 p 0.311 0.286 0.14 0.671 0.512 0.807 0.712 0.984 0.474 0.749
DISEASE DuRATIoN (yEARS)
Network size bins (voxels) 4 7 12 20 34 56 95 162 278 481
 r −0.01 −0.16 −0.24 0.039 −0.42 −0.14 0.137 0.014 −0.13 0.064
 p 0.966 0.557 0.377 0.885 0.109 0.598 0.612 0.958 0.621 0.814
Network spatial extent bins (mm) 16 32 48 64 80 96 112 128 144 160
 r 0.028 −0.16 −0.45 −0.15 −0.16 0.016 −0.09 0.012 0.273 0.168
 p 0.919 0.545 0.083 0.567 0.548 0.953 0.742 0.966 0.306 0.534
AgE (yEARS)
Network size bins (voxels) 4 7 12 20 34 56 95 162 278 481
 r 0.358 0.344 0.298 0.337 0.358 0.346 0.741 0.571 0.581 0.221
 p 0.173 0.193 0.263 0.203 0.174 0.189 0.001 0.021 0.018 0.411
Network spatial extent bins (mm) 16 32 48 64 80 96 112 128 144 160
 r 0.404 0.33 0.187 0.427 0.438 0.676 0.254 0.066 0.508 0.51
 p 0.121 0.212 0.489 0.099 0.09 0.004 0.343 0.807 0.045 0.044
r, Correlation coefficient; p, p-value (values in red represent significant values obtained after correcting for false discovery rate).
